Use of Nucleic Acid Hybridizationfor Specific Detection of Submicrogram Quantities of DNA, and Its Application to Human Plasma Charles R. Steinman
A techniqueis describedfor using radiolabeled RNA complementary to human DNA as a probe for the specific identification of submicrogram concentrations of human DNA by formation of RNA-DNA hybrids. An example is given of its application to the semiquantitation of human DNA in human plasma, a substance that is ordinarily difficult to examine because materials are present that interfere with the usual colorimetric or fluorometric assays. An example is also given of the use of an analogous approach to analyzing rabbit serum for circulating bacterial DNA. Unique to the hybridization techniqueisa degree of specificity sufficient to identify specific base sequences and hence the origin of the DNA being detected, a point that may be important in the examination of circulating DNA reported to occur in patients withsystemiclupuserythematosis. Thistechnique may also be of value in clarifying the presently conflicting data regarding the occurrence of free DNA in the normal human circulation.
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The usual colorimetric or fluorometric assaysfor DNA, when applied to complex biological mixtures containingsmall amounts of DNA, have led to conflicting results. For example, it is not clear from the literature what amount of DNA, if any, is normally found in human plasma or serum. Thus, reports have appeared describing normal concentrations ranging from 0 (1) to as much as 35.2 g/ml (2) . The observation by Davis and Davis (3) that DNA may be released artifactually by clotting in vitro has helped clarify the problem somewhat. However, even studies confined to normal plasma have led to similarly disparate results (2) (3) (4) (5) (6) . To the extent that methodologic limitations are responsible for this disagreement, clarification may be expected from the development of new assays based on independent principles.
This report describes such a method and its application to the estimation of submicrogram concentrations of DNA in plasma. It is based on the technique of using radiolabeled RNA complementary to human DNA (cRNA) as a probe for the determination of human DNA by formation of RNA-DNA hybrids. Unique to thismethod is its ability to allow recognition of specific nucleotide base sequences.
Detection and characterization of circulating DNA may be important because of its apparently central rolein the pathogenesisof the immune-complex nephritis occurringin systemiclupus erythematosis (4) . Also,circulating DNA has been reportedto occur in such disordersas pulmonary embolism and certain forms of neoplasia(3, 7) and could prove diagnostically useful if its significance could be more firmly established.
Materials and Methods
Reagents: Except as described below, DNA preparations were obtained from Calbiochem, Sigma Chemical Co., or Worthington Biochemical Corp. Formamide was from J. T. Baker Chemical Co. and phenol (chromatography grade) from Mallinckrodt Chemical Works. Ribonuclease A (type XII-A; RNAase; EC 3.1.4.22) and deoxyribonuclease-I (type DN-EP; DNAase; EC 3.1.4.5), both from bovine pancreas, were purchased from Sigma. The RNAase stock solutions were routinely heated at 80 #{176}C for 10 mm. Pronase (EC 3.4.21.4), obtained from Sigma, was first heated as above and then self-digested at 37 #{176}C for 2 h at 10 mg/ml in Tris1 (10 mmolfliter,pH 7.5). Native DNA stock solutions were routinely quantitated by the diphenylamine method (8) or by measuring the absorption at 260 nm, assuming that 1 mg/ml has an absorbance of 20. The ratioof the absorbance at 260 nm to that at 280 nm was always 1.8 or greater.
Radiolabeled RNA complementary to human DNA (cRNA) was prepared by using RNA polymerase prepared from Micrococcus lysodeikticus (9) . This enzyme was chosen because of previously favorable experience in using it for similar purposes in this laboratory and others. method of Marmur (10) and furthertreatedby phenol extraction. Tritium-labeled uridine-5'-triphosphate (12-20 Ci/mmol) was purchased from SchwarzMann. The RNA thus made was treated first with DNAase in the presence of carrier RNA, and then with hot phenol, and precipitated with two volumes of ethanol at -20 #{176}C (11) . It was then dissolved in SSC containing sodium dodecylsulfate (SDS), 5 g/ liter.
Hybridization: A modification of the original method of Hall and Spiegelman was used (12) . Each reaction was carried out in 1-ml sealed glass ampules containing, in 0.130 ml, the appropriateamount of DNA (which had been passed 10 times through a 25 gauge, 'h-inch needle), 300 000 cpm cRNA, 1.2 mol/ liter NaC1, 100 ml of formamide per liter, 80 mmol of sodium citrate per liter and sodium dodecylsulfate, 5 g/liter. After heating at 100 #{176}C for 10 mm, the ampules were incubated at 67 #{176}C for 16 to 20 h. The hybrids were then detected by the nitrocellulose filter technique (13) . The vials were cooled to 4 #{176}C and their contents diluted separately into 15 ml of buffer containing, per liter, 10 mmol of Tris HC1 (pH 7.3), 0.5 mol of NaCI, and 10 mmol of Na4P2O7. Each sample was then passed through a presoaked Millipore filter (HAWP 04700) at room temperature under a negative pressure of 2000-5300 Pa (15-40 mm Hg). Each filter was then washed with 150 ml of the same buffer heated to 60 #{176}C. It was then placed for 2 h at room temperature in 7 ml of SSC containing 20 sg of RNAase per milliliter, which had been previously heated to 80 #{176}C for10 mm. Itwas. next washed again with 150 ml of bufferat 60 #{176}C. The damp filter was counter to a standard deviation of <3%. The background of 5 cpm at the setting used was routinely subtracted. Since quenching was found to be constant, it was not corrected for. Standard statistical methods were used (14) .
Plasma DNA preparation:
The overallapproach was to isolate trace quantities of human DNA from plasma by adding carrier nonhuman DNA followed by routine extraction methods. Individualized blanks were prepared from duplicate plasma samples, which were treated with DNAase followed by inactivation of the enzyme before the addition of carrier DNA. Thus, the presence of human DNA in the plasma would be expected to be revealed as a difference in hybridization between the extracted plasma DNA (with carrier) from untreated and DNAase-treated control plasma. An additional routinely-run control was that containing only human cRNA and carrier DNA. This was designated the "buffer blank." No significant differences between the buffer blank and the DNAase-treated plasma controls were generally found, as would be expected if (a) human DNA present in plasma was effectively destroyed by DNAase treatment and (b) the DNA re-isolated from plasma was uncontaminated by materials increasing the nonspecific adherence of radioactivity to the filters. Net hybridized cRNA could be thus calculated by subtracting from the plasma-DNA-derived hybridization results the counts per minute detected in either the DNAase-treated blank or the buffer blank since the two were essentially the same. The source of radioactivity detectable as the blank is unclear. However, it is constant within an experiment and seldom exceeds 0.04% of the input cRNA radioactivity [an amount about the same as or lower than that describedby othersusingthistechnique (13) 
, pH 7.5, to duplicate 1-ml aliquots of plasma. This was followed by adding to each aliquot 0.2 ml of 0.1 mol/liter MgCl2. To one set of plasma samples was then added 0.1 ml of 0.1 mol/liter Tris buffer, pH 7.5, containing 2 mg of DNAase I per milliliter. To the other set was added 0.1 ml of 0.1 mol/ liter EDTA. Both sets were incubated at 37 #{176}C for 30 mm after which 0.3 ml of 0.1 mol/liter 'EDTA was added to each DNAase-containing sample. Next, 0.2 ml of self-digested pronase, 10 mg/ml, was added and the samples were heated at 60 #{176}C for 60 mm. Then 0.1 volume of Tris (1 mol/liter pH 9.0) was added along with 0.45 ml of SSC containing 1 mg of DNA per milliliter from Clostridium perfringens.
Subsequent steps were carried out rapidly at 4 #{176}C. Each sample was extracted twice with an equal volume of phenol that had previously been equilibrated with Tris (1 mol/liter, pH 9.0). The aqueous phase was then extracted three times with two volumes of diethyl ether following which the DNA was precipitated with two volumes of ethanol. The DNA was separated by centrifugation (2000 rpm, 15 mm) and dissolved in SSC.
Results

Hybridization
between human cRNA and clostridial or micrococcal DNA at 10 g/0.130 ml was undetectable, thus allowing one of these to be routinely included as carrier when submicrogram quantities of human DNA were assayed. Thus human cRNA was allowed to hybridize with various amounts of human DNA in the presence of 10 g of bacterial DNA. A typical logarithmic standard curve constructed from data so obtained is shown in Figure 1 .
At each point shown, the radioactivity detected as hybridized RNA differed significantly (P <0.01) from the blank. Specificity of the assay was tested by measuring hybridization between human cRNA and a variety of DNA preparations. At 0. Logarithmic plots of DNAase-sensitive hybrids are linear between plasma DNA concentrations of 0.01 and 1 p/mi. At 10 pg/rnl the results were somewhat variable. The yield of hybrids is on the order of magnitude expected from the simultaneously run standard curve after adjustment is made for dilution with carrier DNA.2 This generally good recovery of human DNA added to plasma suggests that nucleases known to be present in plasma do not interfere with the assay under the conditions used. Table 2 shows results of assays, in triplicate, of plasma from a sample of whole blood that had been frozen and thawed three times in an attempt to release DNA from the leukocytes. Also shown are the assay results on plasma from the same specimen prior to freezing. A simultaneously run standard with j#{216}-2 pg of human DNA is also shown, along with the buffer-containing blank. DNA could be detected when released by cell disruption as well as when it was added exogenously.
It should be noted that the
DNAase-treated controls
are identical with each other and with the buffer-containing blank, confirming susceptibility of the DNA to the action of the enzyme even when largely in the form of nucleoprotein as is presumably the case when it is released by disruption of cells without further purification. This observation has been confirmed by using both mammalian and bacterial crude nucleoprotein preparations treated with DNAase under similar conditions.
In a somewhat different application of this assay, a 3-kg rabbit was injected via the ear vein with 200 pg of DNA purified from Listeria monocytogenes (List). Serum was obtained from the opposite ear before and after the injection. The serum was then treated as described for the human specimens except that calf thymus DNA was used as carrier. Isolated DNA was then allowed to react with cRNA made from List DNA in a manner exactly analogous to that described above except that the reaction at 67 #{176}C was allowed to proceed for 48 h. The results are shown in Table 3 . Only the sample taken 5 mm after the injection showed significant hybridization.
By 75 mm after administration, the DNA was no longer detectable, a finding consistent with previously reported data obtained by a different assay method and with use of larger amounts of DNA (23).
Discussion
Mammalian DNA is a heterogeneous mixture of nucleotide base sequences varying from highly repetitive to unique segments (15) . Although in a similar system transcription in vitro has been shown to somewhat favor the less highly repetitive segments (16) , this would not by itself alter the conclusions drawn in this study, because standard curves are run with each assay. Similarly, if selective copying of one of the DNA strands were to occur, as has been shown to be the case for the RNA polymerase from Escherichia coli (but only under very restrictive conditions and with viral DNA lacking significant single stranded regions), the use of a similar DNA in preparing the standard curve would be expected to compensate for any resulting error. A difficulty might arise, however, if the DNA being assayed had a different ratio of repetitive to unique segments than did the DNA preparation used for the standard curve. This is true because, under the assay conditions used, it is primarily the reiterated segments that would be expected to form hybrids (17) . With regard to assaying plasma DNA, however, this difficulty is only hypothetical, as there is no apparent reason to expect selective behavior of the highly repetitive sequences in their release from cells or in their catabolism. Still, it is possible that if, for example, only unique segments were present in the assay mixture, their concentration would be underestimated. These considerations would not apply to bacterial systems, because the base sequences appear not to be significantly reiterated as judged by DNA renaturation kinetics (19) . Another potential difficulty relates to differences in molecular weight between standard and unknown DNA. In preliminary experiments, we found that omission of shearing of the DNA prior to hybridization did not significantly alter the results. This is not surprising if it is assumed that equilibrium was achieved in the reaction (as seems likely since the hybridization reaction was terminated only after reaching a plateau), because variations in DNA molecular weight are known to affect the rate but not the extent of hybridization if the chain length is sufficient for stable duplex formation [approximately 50 nucleotides under stringent conditions (19) ].
At concentrations of human DNA of 1 pg/0.130 ml and above the yield of hybrid generally falls below that expected from the logarithmic relationship that holds for more dilute solutions.
Presumably this is a reflection of the competing DNA-DNA renaturation reaction that occurs when hybridization is allowed to occur in a liquid phase (18) . Because of this phenomenon, unknown samples whose DNA concentration might be above this range should be examined at several dilutions.
The conditions under which the hybridization reaction was carried out were designed to be relatively nonstringent. That is, the high salt concentration would be expected to allow for a high proportion of inexact base pairings that might not be completely prevented by the presence of formamide at the temperature used (19) . These conditions were appropriate here because the aim was to maximize sensitivity even at the expense of specificity.
Nonetheless, enough specificity was maintained to distinguish between human and bacterial DNA sequences, allowing their use as carrier for isolation of submicrogram amounts of DNA in plasma or serum.
DNAase-treated controls must be used in this method because of small variations in the blanks (i.e., plasma samples containing only added carrier DNA), sufficient to interfere with the detection of small amounts of plasma DNA. Recently obtained data suggest that further purification of the reactants may decrease the blank variability to the point where paired DNAase-treated controls might not be necessary, although they would still seem desirable for critical interpretation of positive findings. Biological specimens often contain relatively large amounts of material capable of interfering with the commonly used colorimetric or fluorometric assays for DNA (5, 8, 20) . Although efforts to overcome this difficulty have resulted in development of assays that are useful for measuring high concentrations of DNA, they have been less reliable for estimating trace amounts of DNA in such substances as serum or plasma. This has resulted in wide variation in its reported normal concentration as noted above.
Immunological methods (3, 4, 21, 22) , on the other hand, while somewhat more sensitive, are generally less precise and suffer from the fact that only sterically unhindered antigenic sites are detected, so that in crude nucleoprotein preparations, for example, only 1 to 5% of the total DNA may be measured (22) . Thus a new method is needed that is based on an independent approach.
The method described here appears to provide this. In addition, it supplies information about the basesequenceand hencethe origin of the DNA detected, a point that may be critically important in studying the circulating DNA in patients with systemic lupus erythematosis (4) . It should be noted, however, that this degree of specificity may also be viewed as a limitation, because the assay may not be applicable, for example, in situations where the base sequence of the DNA is unknown. Furthermore, like most immunologic assays, the hybridization method has only limited precision. Thus, it is likely to find its chief application in situations where a qualitative but highly specific and sensitive assay is called for. Foundation.
